The forest stand structure class "old-growth" has previously been qualitatively described as having several distinct "sub-structures." Species composition, diameter distribution, and other structural features commonly associated with old-growth in the Pacific Northwest are quite variable. We determined which quantitative stand structure variables are commonly found together using the Spearman correlation and non-metric multidimensional analysis. Some features were more commonly found together than others, indicating different old-growth stand types, or sub-structures. Cluster analysis classified the old-growth forests into four groups: Douglas-fir dominance, shade tolerant species dominance, and intermediate groups. The intermediate groups were split by the density of large logs and large shade tolerant trees. The old-growth sub-structures appear to change from one to another as the old forest develops.
Introduction
Old-growth forests can contain a variety of structural features that require a long time to develop, such as large trees, snags, downed logs, and multiple canopy layers [1] [2] [3] . The overall stand OPEN ACCESS physiognomy has also been described as varying from containing a relatively continuous upper canopy of shade intolerant species, to a fragmented canopy, to a continuous canopy of primarily shade tolerant species [4, 5] . Consequently, there appear to be several "sub-structures" of old-growth.
Several sub-structure classifications of old-growth forests in the Pacific Northwest have been developed [4, 6, 7] . The classification varied in which structural attributes were associated with each old-growth sub-structure [4, 8] . Franklin et al. [5] reviewed the different classifications and proposed that old-growth be divided into three sub-structures: "Vertical Diversification," "Horizontal Diversification," and "Pioneer Cohort Loss."
It is also possible that old-growth forests change among these sub-structures sequentially, as has been proposed by both Oliver and Larson [4] and Franklin et al. [5] . The fact that the age of transitioning from one sub-structure to another varies according to many factors has made it difficult to confirm the sequential development.
Forests can develop along different pathways to an old-growth condition. Forests of mixed Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), western hemlock (Tsuga heterophylla (Raf.) Sarg.), and western redcedar (Thuja plicata Donn ex D. Don) in western Washington can result from stand-replacing or minor disturbances [9, 10] and from stands initiating at narrow or wide spacings [11] . Although time is required for these trees to grow to large sizes, the large tree diameters in a stand do not necessarily reflect the trees' ages [12] . The diameters can also reflect their past disturbance history, soil productivity, species interactions, and initial crowding [10, 11, 13] . For example, western hemlocks [14] and western redcedars [15] can grow larger than any Douglas-firs found in the present study, but not if they are dominated by Douglas-firs in either even-age or uneven-age stands. Studies [16] [17] [18] [19] have noted that an old-growth stand can sometimes retain the tree age distribution characteristic of the disturbance that initiated it even after several hundred years.
Some common structural features of old-growth stands that have been quantified by researchers for the western hemlock zone in the western Cascade range are: at least 20 Douglas-fir trees ha −1 older than 200 years, multi-layered canopies, and considerable amounts of coarse woody debris with at least 10 snags ha −1 and over 37 tons ha −1 of large logs [20] [21] [22] [23] [24] . Not all of these features are found consistently in old-growth stands [13] . Consequently, some old-growth forests may not have value for specific old-growth functions if they are lacking a needed structural feature [25] . This study examined which structural features are commonly found together and which are not.
This study was done in Douglas-fir-western hemlock stands in the western hemlock zone [26] of the western Cascade Range of the Pacific Northwest region of the United States. We examined old-growth forests in western Washington with three objectives: to understand which structural features are found together; to determine if there are patterns of sub-structures in the old forests; and to determine if patterns of change in sub-structures can be inferred within these old stands such as proposed by Oliver and Larson [4] and Franklin et al. [5] .
Materials and Methods

Study Area
The study area was within and around the Cispus Adaptive Management Area (AMA), which is 58,236 hectares of heavily forested, mountainous land on the northeastern part of the Gifford Pinchot National Forest in southwest Washington, USA [27] . Annual precipitation was 145 cm ranging from a monthly mean precipitation of 31 mm in July to 261 mm in November [28] . Annual mean temperature was 10.3 °C with a monthly mean minimum temperature of 2.4 °C in December to 18.8 °C in August [29] . Soils are either reddish brown loam to clay loam derived from basalt and andesite or loamy sand to sandy loam, often formed in aerially deposited dacitic pumice and volcanic ash [30] . Mt. St. Helens erupted intermittently and provided tephra for more than 35,000 years [31] . Douglas-fir was the dominant species across our study area, with large amounts of western hemlock and western redcedar [32] . Pacific silver fir (Abies amabilis (Dougl.) Forbes), red alder (Alnus rubra Bong.), and bigleaf maple (Acer macrophyllum Pursh) were also found in some plots.
Sample Plots
Within this large area, we collected preliminary data from 62 stands. From these, 16 stands were selected for investigating old-growth characteristics (Table 1) . Stands were considered to be suitable if they had not been subjected to logging, were over 150 years old [33] , and in aggregate appeared to satisfy the general descriptions of old-growth [4, 8, 23] , botanically diverse [6] , and/or old forest [24] , which described stands containing large sized trees, snags, down woody debris, and multiple canopy layers. All of the studied stands were between 300 m and 1,100 m elevation and within the western hemlock zone" [26] . Most of stands were on side hills of diverse slope angles. Approximately 70% of the study sites contained streams. Half of the stands were on the north-facing slopes and the rest were on east-, south-, or west-facing slopes. Most stands showed either continuous or aggregated age distributions. While only 40% of the stands showed obvious evidence of past fires such as visible fire scars or charcoal, 75% of the stands had evidence of small windthrow events (Table 1) .
Data Collection
A circular, fixed-area 1-ha plot (56 m radius) was established in each studied stand. Sample plots used in this study were part of the Gifford Pinchot National Forest Current Vegetation System (CVS). CVS is the permanent plot grid system established by the USDA Forest Service between 1993 and 2000 [34] . Trees with diameter at breast height (DBH) larger than 122 cm were tallied within the 1-ha plot. Two concentric, fixed radius subplots were established at the center of the 1 ha plot: a 15.6 m radius subplot (0.076 ha) was used for measuring trees with DBH between 33 cm and 122 cm, and an 8 m radius subplot (0.02 ha) was used for measuring trees with DBH between 7 cm and 33 cm. In addition, two or three 8 m radius subplots were randomly assigned to the N, E, S or W end of the 1 ha plot and were also used for measuring trees with DBH between 7 cm and 33 cm. One 15.6 m line transect was established from the plot center to the north direction to measure downed woody debris. The diameter and length of downed woody debris ≥7 cm diameter was measured. Aspect, slope (%), and elevation (m) were measured at the center of each plot.
Trees were tallied in all plots by species and DBH. One representative tree of each species and diameter group (10 cm DBH intervals from 10 cm to 130 cm, plus >130 cm) was selected for coring at breast height to record the age; and height, crown width, height to crown ratio, and crown class of the tree were also measured. Canopy layers were determined by the relative positions of tree crowns with respect to surrounding vegetation. The layers were defined as emergent, dominant, codominant, intermediate, or overtopped based on Smith et al. [35] .
Data Analysis
The stands' quantified structural features were sorted, organized, and analyzed to determine which features were commonly found together in stands and were related to each other. We converted the field data to quantitative stand measures that have been used to describe old-growth characteristics ( Table 2 ). Western hemlock, western redcedar, and Pacific silver fir were considered to be shade tolerant species in this study [32] . We used 100 cm DBH for the threshold of large Douglas-firs in old-growth stands and the DBH of 50 cm for the threshold for large shade tolerant species and snags, based on previous studies [8, 23, 36] . Table 2 . Quantitative structural variables used for old-growth characteristics in this study, modified from previous studies. Tables 3 and 4 Structural Elements Source of Information and Relevant References # Tree species Number of tree species R BA DF Ratio of Douglas-fir basal area to total stand basal area Shade intolerant Douglas-fir [37] R BA ST Ratio of shade tolerant tree basal to total stand basal area Ratio of shade tolerant species [37] D trees ≥100 cm Number of trees ≥100 cm DBH ha
Abbreviation for
40 (ca. 100 cm) to 60 inches in diameter [36] D DF ≥100 cm Number of Douglas-fir ≥100 cm DBH ha Shade tolerant species ≥50 cm DBH D snag ≥50 cm Number of snags ≥50 cm DBH ha
Density of snags >50 cm DBH and >15 m tall [10] , ≥50 cm DBH [38] D log ≥50 cm Number of logs ≥50 cm diameter ha
Density of logs >60 cm diameter [23] DBH classes Number of 10-cm DBH classes containing trees Structural heterogeneity [39] Max DBH Maximum DBH class Large tree size
Missing DBH ≥ 50 cm
Number of 10-cm DBH classes without trees between 50 cm & max DBH: "missing upper DBH classes"
Broken or continuous canopy of medium to large [24] Missing DBH < 50 cm
Number of 10-cm DBH classes without trees <50 cm DBH: "missing lower DBH classes"
Understory absent or consisting of some seedlings [24] Correlations among structural features were analyzed using the Spearman's rank correlation among characteristics of the stands because four variables were not normally distributed [40] . Data were tested for normality with the Kolmogorov-Smirnov test and for homogeneity of variance with Levene's test. Non-metric multidimensional scaling (NMDS) [41] was used to elucidate relationships among quantitative variables of old-growth features and to ordinate the stands based on the Euclidean distance with the PAST program (v. 3.0, Natural History Museum, University of Oslo, Oslo, Norway) [42] . The ordinations were rotated to load the stand structural variable with the highest correlation onto axis one.
The stands were grouped into sub-structures based on cluster analysis using the variables shown in Table 2 . Variables were standardized and applied for the cluster analysis. The Ward linkage method and square Euclidean distance measure were used. All variables among stand groups classified by cluster analysis were compared to determine the commonalities of structural features in old-growth forests using one-way analysis of variance (ANOVA) and Tukey's multiple comparison tests [40] . IBM SPSS Statistics was used for correlation analysis, cluster analysis, ANOVA, and Tukey test (v. 21.0, IBM SPSS Inc, Chicago, IL, USA, 2012).
Stand Development Reconstruction
Stand development reconstruction techniques [43] [44] [45] were used to determine if the observed sub-structures could represent a time sequence. We developed temporal/logic statements of the four grouped plots and arranged them to infer a time sequence.
Results
Relationships among Structural Variables
Some stand structure features associated with old-growth forests commonly occurred together and others did not. That is, some of variables showed strong positive or negative relationships with other variables, indicating there is a potential for coexistence of some variables and a relative mutual exclusion of others (Table 3) .
Density of trees (trees ha
) ≥100 cm DBH showed the greatest number of significant correlations with other variables, followed by density of Douglas-firs ≥100 cm DBH. The density of trees ≥100 cm DBH had a significant positive correlation with both the number of missing upper DBH classes (p < 0.001), and the number of missing lower DBH classes (p = 0.013).
The density of Douglas-firs ≥100 cm DBH showed significant positive correlation with the ratio of Douglas-fir basal area to stand basal area (p = 0.002), density of trees ≥100 cm DBH (p < 0.001), number of Douglas-fir DBH classes (p = 0.010), maximum DBH of stand (p = 0.001), and missing DBH classes ≥50 cm DBH (p = 0.009). It showed a significant negative correlation with the ratio of shade tolerant species basal area to stand basal area (p < 0.001).
The ratio of shade tolerant species basal area to stand basal area had a significant positive correlation with density of shade tolerant species ≥50 cm DBH (p = 0.001) and a significant negative correlation with the ratio of Douglas-fir basal area to stand basal area (p < 0.001). The ratio of Douglas-fir basal area to stand basal area showed an opposite pattern of correlation of the ratio of shade tolerant species basal area to stand basal area with the same variables. ).
Non-Metric Multidimensional Scaling and Grouping of Stands
The first dimension of NMDS corresponds with dominant species, the ratio of Douglas-fir basal area-the ratio of shade tolerant species basal area. The density of Douglas-firs ≥100 cm DBH and number of Douglas-fir DBH classes were negatively related with the first axis, and shade tolerant species ≥50 cm DBH was positively related with the first axis. The second dimension reflects the density of snags ≥50 cm DBH, which was negatively related with the second axis. The stress was 0.1261. The R 2 of the first axis and second axis were 0.72 and 0.13, respectively (Figure 1) . Dominant species and large log density were important both in stand mapping in NMDS and stand grouping in cluster analysis. Douglas-fir or shade tolerant species dominance explained stand mapping in the first dimension in NMDS and stand grouping in cluster analysis. The large log density explained the second dimension in NMDS and in classifying intermediate groups.
Structural Characteristics of Grouped Stands
Stands in group S had over 70% of the stand basal area occupied by shade tolerant species, while Douglas-fir was almost absent except in stand 12, which had a Douglas-fir basal area of 13% (Figure 3 ). Western redcedar occupied the majority of the basal area in DBH classes over 60 cm and western hemlock occupied over 50% of the basal area in DBH classes <50 cm.
Groups Is and Id had intermediate patterns between groups S and D. Both Is and Id groups had missing trees in DBH classes between 110-140 cm. Group Is had more stand basal area occupied by shade tolerant species than group Id in DBH classes ≥50 cm. The snags and logs over 100 cm DBH occupied over 40% of the total snag and log basal areas in groups Is and Id. Douglas-fir occupied over 80% of the stand basal area in group D. Stands in group D consisted of almost pure Douglas-firs in DBH classes ≥50 cm, whereas DBH classes <50 cm were mostly occupied by western hemlocks and other species in group D.
While DBH distribution was quite continuous in group S, the other groups (Is, Id and D) had discontinuous DBH distributions with missing trees in DBH classes over 100 cm. The DBH distribution of Douglas-firs was discontinuous with large Douglas-fir snags. In most stands, few Douglas-firs existed in the smaller DBH classes (<50 cm). The incidental presence of Douglas-firs in the small DBH classes in groups Id and D might have been the result of localized regeneration opportunities created by partial disturbances [4] . In contrast, western hemlocks and western redcedars maintained a continuous DBH distribution. Abies procera Rehder, Acer circinatum Pursh, Acer macrophyllum Pursh, Alnus rubra Bong., Taxus brevifolia Nutt., and Vaccinium parvifolium Smith.
Differences and Similarities in Structural Features of Grouped Stands
Among stands investigated, some variables attributed to old-growth characteristics were common among groups while other variables did not overlap in different groups.
Species composition, log density, and density of large sized trees were significantly different among different groups (p < 0.05, Table 4 ). The ratios of Douglas-fir basal area to stand basal area in group S and group D were significantly lower and higher, respectively, than that in groups Is and Id (p < 0.05). In contrast, the ratio of basal area of shade tolerant species to stand basal area was significantly higher in group S and significantly lower in group D than that in groups Is and Id (p < 0.05).
Groups D and S showed significant differences in the density of large trees including Douglas-firs ≥100 cm DBH and shade tolerant species ≥50 cm DBH. Most stands had trees in more than seven DBH classes (10 cm class intervals), indicating that the old stands had trees with DBH's larger than 70 cm. About 63% of the stands had trees with DBH's larger than 100 cm. DBH distributions were discontinuous in the DBH classes beyond 110 cm in most stands. Group Id had significantly higher densities of logs with DBH's ≥50 cm than the other groups (p = 0.001). Group D had significantly higher numbers of missing DBH classes in DBH classes <50 cm (p = 0.020).
Consequently we identified and classified the old-growth stands into four sub-structures by dominant species: Douglas-fir dominant (group D), shade-tolerant species dominant (group S), and intermediate stands (groups Id and Is). Old stands dominated by large Douglas-firs were linked with large-sized trees and diverse DBH distributions but lacked small trees in the understory and shade tolerant species in large DBH classes [19] . Stands dominated by shade tolerant species displayed few trees ≥120 cm DBH and mostly consisted of shade tolerant species. 
Reconstruction of a Sequential Change in Stand Structures
The developed and arranged temporal/logic statements were:
 In all plots with Douglas-firs, the largest western hemlocks and western redcedars are noticeably smaller than the largest Douglas-firs, suggesting that the three species were or had been growing together and/or the hemlocks and redcedars were younger.  In S, the hemlocks and redcedars are small for the age of the stand but there are no larger trees of any species, suggesting they are either young or are/were suppressed-in either case by larger trees that are no longer alive. This indicates a sequence of "S occurring later than D, Id, and Is."  The order "D, Id, and Is" shows increasingly fewer numbers of Douglas-firs but increasingly greater diameters of the largest Douglas-firs and indicates a possible sequence in that order.  The order "D, Id, and Is" shows increasingly fewer numbers of large Douglas-firs, but increasing numbers of snags and logs of large sizes, indicating a possible sequence of the large Douglas-firs dying.  The order "D, Id, and Is" showed increasing gaps in the diameter distribution of large Douglas-firs, indicating a possible sequence with the overstory developing gaps.  The near absence of large Douglas-firs in S, but the presence of snags and logs much larger than present shade tolerant species indicates a sequence of "S occurring later than D, Id, and Is."
These statements suggests that the sub-structures in (Figure 4 ) are sequentially changing along the trajectory "D, Id, Is, to S." These also reflect the changes in old-growth sub-structures suggested by both Oliver and Larson [4] and Franklin et al. [5] (Table 5) . Oliver and Larson [4] did not distinguish the sub-structure of group D from groups Id and Is in the "Transition Old-Growth" sub-structure described for D; however, others did anticipate this distinct sub-structure. Spies and Franklin [38] identified both a "Late Transition Phase" and a "Shifting Gap Phase" that describe parts of the processes suggested in D, Id, and Is.
Discussion
Old-growth forests have been characterized as having structural characteristics of large sized trees and snags, large down woody debris, and complex canopy structures and DBH distributions [8, 13, 46] . Many of these characteristics are rarely found together in a stand and others are commonly found together.
The stand structure class known as "old-growth" can be refined to reflect several possible sub-structures. These sub-structures continue to change in species composition from Douglas-fir-dominant to shade tolerant species-dominant stands (Figure 4a ). Stands may change from group D to group S, with the ratio of Douglas-fir basal area to stand basal area decreasing and the ratio of shade tolerant species basal area to stand basal area increasing, showing shade tolerant species replacing the long-lived Douglas-fir pioneer species. Increases in the density of snags ≥50 cm was followed by increases in the density of logs ≥50 cm. The changes in maximum DBH of stands coincided with the changes in number of missing DBH classes between 50 cm and the maximum DBH classes (Figure 4b) .
The DBH distributions of each species in stands grouped by the cluster analysis and the temporal arrangement of the grouped stands offer further insights into how the stand development processes might have occurred. Douglas-firs in group D probably established after a catastrophic fire or other catastrophic disturbance, grew vigorously, and dominated the stands. Fire often eliminated most of the previous stand, leaving only a few large trees, primarily thick-barked Douglas-firs that were large enough to survive the fire [46, 47] . Table 2 . Solid arrows in (a) indicate pathogen damage and double-line arrows indicate wind damage detected in the stands.
The increasing dominance of shade tolerant species with stand development is largely because the shade intolerant Douglas-firs survive poorly under the canopy of other trees [48] . Shading probably prevented Douglas-fir seedlings from becoming established [49, 50] . The occasional understory Douglas-fir found in a few stands might have grown in small gaps in the multi-layered canopy structure [4] . The disturbances and light limitations created by a multi-layered canopy structure are the main factors controlling the species composition in the older stands [51] . The light limitation caused the concentration of Douglas-firs in large DBH classes and the paucity or non-existence of Douglas-firs in DBH classes <50 cm [48] . The lack of young Douglas-firs replacing the senescing Douglas-firs in the dominant layer results in a discontinuous diameter distribution of this species in groups D, Id, and Is. Conversely western hemlocks, western redcedars, and Pacific silver firs could become established and survive successfully under a canopy and subsequently maintain more continuous diameter distributions. In group S, however, individual tree deaths probably created discontinuities of shade tolerant species in the larger diameter classes. Western hemlock has a high regeneration rate, but the basal areas of western hemlocks were distributed quite evenly in the DBH classes <70 cm, while the relative basal area of western hemlock decreased beyond DBH classes >70 cm in groups Is and S, suggesting that many western hemlocks died before reaching the large sizes of Douglas-firs or western redcedars. The gaps in DBH classes indicate that deaths of large "pioneer" Douglas-firs in these stands have led to large gaps and more horizontal variation within the stand.
The clumped DBH distributions found in groups D, Id, and Is can be explained by: (i) a combination of factors including cumulative tree deaths from senescence, a lack of long-lived shade tolerant species such as western redcedar in a stand and the differences in life expectancies of the dominant species [52] ; or (ii) disturbances [53] . Douglas-firs and western redcedars can live up to 1000 years or more, while western hemlocks rarely lives beyond 400 years [6, 14, 54] . While long-lived Douglas-firs survived primarily in large DBH classes, mature western hemlocks in the upper canopy strata appeared to senesce and die before they reached the size of large Douglas-firs, releasing growing space for the younger western hemlocks that survived in the understory.
Some of the observed old-growth stands had experienced minor disturbances in the past [18] . As stands grow older, the possibilities of disturbances increase. Small disturbances eliminating one to several trees in the upper canopy layer create gaps and provide opportunities for understory shade tolerant species to be released and new seedling to become established, resulting in a multi-cohort structure [55] . Such small-scale disturbances occur to large, old trees and result in discontinuities of diameter distributions in the larger diameter classes. Without fire, the tree death is likely to be from senescence or small disturbances such as localized wind throws or decay. By contrast, even ground fires would generally eliminate most shade tolerant, fire-susceptible species such as western hemlocks, western redcedars, and Pacific yews.
Old-growth forests have been characterized as having trees of large sizes, snags, and down woody debris [56] . However, large Douglas-fir trees may not necessarily mean that the stand is older than the stand which does not have large Douglas-firs. A stand could remain without large disturbances long enough for the large Douglas-firs to senesce and die without younger Douglas-firs becoming established and growing.
Snag basal area can change easily because decayed snags can fall apart at any time, especially in the old stands. The correlation results (Table 3) showed that large snag presence was not significantly correlated with other old-growth features. The high snag basal area in DBH classes ≥100 cm in groups Id and Is are likely caused by Douglas-fir senescence, while the high snag basal area in DBH classes 40-100 cm in groups S and D could be caused by mortality from either vertical differentiation or senescence [57] . The major source of snags with DBH <50 cm was probably western hemlock mortality. Similar basal areas of hemlocks in most DBH classes <50 cm suggest that large numbers of western hemlocks were naturally thinned by competition as others grow to the next DBH class.
The variations and general development pattern of old forest structures in this study suggest that the stand structure class known as "old-growth" can be refined into sub-structures to reflect its variations. The subdivisions suggested by Franklin et al. [5] probably most clearly reflect the processes suggested by this study.
In most forests in the Pacific Northwest, disturbances occur before the long-lived Douglas-firs die; and so the Pioneer Cohort Loss sub-structure is rarely achieved. Most of the stands of this study, and probably most forests referred to as "old-growth" in the Pacific Northwest, are not in this condition. Instead, they contain large trees, multiple canopies, and some-but not necessarily all-of the other features described as old-growth characteristics. They would be classified as being in the "Vertical Diversification" and "Horizontal Diversification" stages of Franklin et al. [5] .
The long life span of the dominant pioneering species, Douglas-fir, played an important role in the structure and development of the "old-growth" structures. In forests where the dominating pioneers do not live long, it is possible that the Horizontal Diversification and Pioneer Cohort Loss stages are reached sooner and more often, since there is less time for stand-replacing disturbances to occur. It is also possible that different processes could be occurring in those forests than the processes described here.
Conclusions
Stand structure classifications are helpful in describing wildlife guild habitats; however, the category commonly referred to as "old-growth" had diverse stand structural features and could be subdivided into several sub-structures. The old-growth forests continue to change and are the product of their past species composition, age, and disturbance history.
Tree species compositions appear to change over time with and without the influences of minor disturbances. Shade tolerant species such as western hemlocks and western redcedars took over dominance in terms of tree numbers and basal areas from Douglas-firs as the stands apparently grew older. Douglas-firs generally remained the largest trees in the stands until they died.
A general pattern of development in generally termed "old-growth" forests of the Pacific Northwest, U.S.A., seems to be occurring. At first, the long-lived pioneer Douglas-firs first (D; Figure 4a ) create a distinctive vertical canopy above the more shade tolerant species, followed by a time when the dying Douglas-firs create horizontal gaps and snags (Id and Is). Barring stand-replacing disturbances, all of the pioneer Douglas-firs eventually die, forming a stand (S) dominated by shade tolerant species that had grown upward during D, Id, and Is.
